The cryptochromes are a family of blue light photoreceptors that play important roles in the controls of plant development.
was derived from four exons, whereas the other type was derived from fi ve exons. Occurrence of the former transcript could be explained by retention of the fourth intron, suggesting existence of alternative splicing. Gene sequences were compared between a soybean line, Tokei 780, and an accession of soybean wild relative, Glycine soja, Hidaka 4. Based on a 10-bp indel, an amplicon length polymorphism (ALP) marker was designed for mapping of GmCRY2b. For mapping of the other cryptochrome genes, derived cleaved amplifi ed polymorphic sequence (dCAPS) markers were constructed. The cryptochrome genes were individually assigned to different molecular linkage groups (MLG) (GmCRY1a: MLG C1; GmCRY1b: C2; GmCRY1c: B2; GmCRY1d: F; GmCRT2a: O; GmCRY2b: D1b; GmCRY2c: I). The distribution of cryptochrome genes that was deduced from the soybean genome database was consistent with mapping results.
L
IGHT IS ONE OF THE MOST IMPORTANT environmental factors infl uencing plant growth and development. Plants possess several photoreceptor systems that allow them to perceive and respond to light environments. Generally, response to red and far-red light is mediated by the phytochrome family of photoreceptors, whereas two other photoreceptor families, the cryptochromes and phototropins, mediate responses to blue light. Cryptochromes are fl avoproteins that share homology with the photolyase family of light-dependent repair enzymes but do not themselves possess photolyase activity (Lin and Shalitin, 2003) .
Cryptochromes are found in plants, animals and cyanobacteria and appeared to have arisen independently from diff erent branches of the photolyase family in plants and animals (Brudler et al., 2003) . Plant cryptochromes have been characterized most thoroughly in the model species Arabidopsis, which possesses two cryptochrome families (CRY1 and CRY2) (Lin and Shalitin, 2003) . Pea (Pisum sativum L.), a leguminous species, had a single CRY1 ortholog and two distinct CRY2 genes (Platten et al., 2005) . Cryptochromes mediate a variety of blue-light responses, including inhibition of hypocotyl-stem elongation, stimulation of leaf expansion, production of anthocyanin, and stomatal opening (Ahmad et al., 1998; Lin et al., 1996 . Further, Guo et al. (1998) and Mockler et al. (2003) reported that cryptochromes are involved in the regulation of fl owering time in Arabidopsis. Zhang et al. (2008) cloned two cDNAs of soybean CRY genes, GmCRY1a and GmCRY2a. Further, they found an additional three CRY1 genes and one CRY2 gene (GmCRY1b, GmCRY1c, GmCRY1d and GmCRY2b) in soybean expressed sequence tag (EST) and genome databases. Both GmCRY1a and GmCRY2a aff ected blue light inhibition of cell elongation, but only GmCRY2a underwent blue light-and proteasome-dependent degradation. Th ey concluded that expression of the GmCRY1 is a major regulator of photoperiodic fl owering in soybean.
Most soybean cultivars are sensitive to long daylength and fl ower only when the daylength is less than a specifi c critical value. Soybean cultivars are generally adapted within a narrow north-south band due primarily to photoperiodic response; southern cultivars remain vegetative under long days and are too late-maturing in the north, whereas northern cultivars fl ower in response to the shorter days and mature too early in the south (Scott and Aldrich, 1970) . Th us, diff erent cultivars are grown at diff erent latitudes to ensure that fl owering and maturity occur at the most opportune time to obtain optimum yield.
Eight genes have been reported to control time to fl owering and maturity in soybean: E1, E2, E3, E4, E5, E7, and E6 and J for long juvenility (reviewed by Palmer et al., 2004) . Of these loci, E1, E3, E4, and E7 are involved in the response of fl owering to artifi cially induced long daylength (Buzzell, 1971; Buzzell and Voldeng, 1980; Cober et al., 1996; Cober and Voldeng, 2001) . Th e e3 locus controls the insensitivity to fl uorescent long daylength obtained by extending natural daylength to 20 h using cool white fl uorescent lamps with a high red to far-red quantum (R:FR) ratio (Buzzell, 1971) . On the other hand, e4 combines with e3 to control the insensitivity to incandescent long daylength (ILD) obtained by extending natural daylength to 20 h using incandescent lamps with a low R:FR ratio (Buzzell and Voldeng, 1980) . E7 also was reported to be involved in ILD insensitivity (Cober and Voldeng, 2001) . Further, E1 markedly retards fl owering under ILD relative to e1, when combined with e3 and e4 (Cober et al., 1996) .
Th e linked E1 and E7, E2, E3, and E4 loci localized to molecular linkage groups (MLGs) C2, O, L and I, respectively (Cregan et al., 1999; Cober and Voldeng, 2001; Abe et al., 2003; Molnar et al., 2003) . In addition, quantitative trait loci (QTLs) responsible for time to fl owering and maturity have been reported in soybean (Tasma et al., 2001; Watanabe et al., 2004; Githiri et al., 2007) . Tasma and Shoemaker (2003) reported the mapping of soybean cDNAs having high similarities with Arabidopsis fl owering genes and assigned the soybean CRY2 ortholog in MLG A2. Th ey also investigated the association between the mapped orthologs and E1 to E5 and E7 using nearisogenic lines for these genes. Th ey found an association between the FCA ortholog and E3. Later, Liu et al. (2008) and Watanabe et al. (2009) cloned three cDNAs for phytochrome A and found that two of them corresponded to the E3 and E4 loci. To our knowledge, the identity of the other maturity genes or QTLs has not been reported.
Th e fi rst objective of this study was to clone the entire family of soybean cryptochrome genes and characterize their structures. Th e second objective was to determine the location of the cryptochrome genes in molecular linkage map to verify their association with maturity genes and QTLs identifi ed in soybean.
Materials and Methods

Plant Materials
Cryptochrome genes were cloned from the U.S. soybean cultivar Williams. Genomic DNA from this cultivar was used for Southern analysis as well. For linkage mapping, genomic DNA from 96 recombinant inbred lines derived from a cross between a Japanese soybean line, Tokei 780, and a Japanese accession of wild soybean (G. soja), Hidaka 4, was used (Liu et al., 2007) . RNA extracted from the Canadian cultivar Harosoy was used for reverse transcriptase-polymerase chain reaction (RT-PCR) analysis.
RNA Extraction and cDNA Library Construction
For cDNA library construction, total RNA was extracted by guanidium thiocyanate/CsCl method (Sambrook et al., 1989 ) from hypocotyls of Williams exposed to ultraviolet (UV)-B light (Toshiba FL20SE 20W covered with a 50-μm-thick cellulose acetate fi lter) for 2 h. Poly(A) + RNA was isolated from total RNA using oligo(dT) cellulose columns following the standard protocols (Sambrook et al., 1989) . A cDNA library was constructed from 5 μg of the poly(A) + RNA using the HybriZAP-2.1XR Library Construction Kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. For cloning of full-length cDNAs of entire cryptochrome gene members, total RNA was extracted from trifoliolate leaves of fi eld-grown Williams using the TRIZOL Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. For RT-PCR analysis, total RNA was extracted from primary leaves of Harosoy as described in Liu et al. (2008) .
cDNA Cloning
Cryptochrome gene fragments were cloned by three methods; RT-PCR using degenerate primers, diff erential colony hybridization, and cDNA library screening. We designed a pair of degenerate polymerase chain reaction (PCR) primers, CRYFP-1 (5ʹ-TGGGG-NATGAARTAYTTYTGGG-3ʹ) and CRYRP-1 (5ʹ-GGNGCCCANGGRTGRTGRATCC-3ʹ), to clone the conserved region of plant cryptochrome genes. Reverse transcriptase-polymerase chain reaction was conducted using the primers by reverse-transcribing 0.5 μg of the total RNA of UV-B-treated hypocotyls using the MuLV Reverse Transcriptase (PerkinElmer, Waltham, MA) according to the manufacturer's instructions. An amplifi ed band with the anticipated size (~200 bp) was cloned into pBluescript SK+ (Stratagene) and sequenced.
Diff erential colony hybridization was performed in an attempt to clone cryptochrome genes diff erentially expressed in response to UV-B treatment. A total of 300 recombinant colonies harboring the RT-PCR products were transferred to nitrocellulose membranes and hybridized with 32 P-labeled probes derived from the UV-B treated or untreated hypocotyls (Sambrook et al., 1989) . A clone that generated an intense signal aft er hybridization with the radioactive probes derived from the UV-B treatments was chosen. Th e clone was sequenced and used as a probe to isolate cryptochrome genes from the cDNA library by plaque hybridization according to the standard protocols (Sambrook et al., 1989) .
To isolate full-length cDNAs of the entire cryptochrome gene members, PCR primers were designed on the basis of sequence information in EST (http://www. ncbi.nlm.nih.gov/blast/Blast.cgi) and soybean genome databases (phytozone, http://www.phytozome.net/soybean.php; verifi ed 25 Sept. 2009) ( Table 1) . We conducted RT-PCR using the total RNA of fi eld-grown Williams using the Superscript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. Polymerase chain reaction products with the expected size were cloned into pCR 2.1 vector (Invitrogen) and sequenced. Th e structures of the cryptochrome genes were deduced on the basis of comparison of the cDNA sequences with corresponding genomic sequences deposited in the soybean genome database.
DNA Sequencing
Nucleotide sequences of both strands were determined with BigDye terminator cycle method using an ABI3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). Nucleotide and amino acid sequences were analyzed with the BLAST program (Altschul et al., 1997) .
Phylogenetic Analysis
Phylogenetic analyses were performed based on the amino acid sequences of GmCRY1a to GmCRY2c together with CRY1 and CRY2 polypeptides of Arabidopsis (AtCRY1 and AtCRY2) and pea orthologs (PsCRY1, PsCRY2A and PsCRY2B) by the maximum parsimony (MP) method as implemented in PAUP* version 4 (Swoff ord, 2002).
DNA Gel Blot Analysis
Genomic DNA was isolated from trifoliolate leaves of fi eld-grown Williams by the cetyltrimethylammonium bromide (CTAB) method (Murray and Th ompson, 1980) . Th e DNA was digested with fi ve restriction enzymes, BglII, EcoRI, EcoRV, HindIII, and SptI. Th e digested DNA of 5 μg per lane was separated by electrophoresis and blotted on to positively charged nylon membranes (Roche Diagnostics, Basel, Switzerland). Southern hybridization was performed with the entire cDNA of the GmCRY1c labeled by the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche Diagnostics), and hybridization signals were detected by chemiluminescence on X-ray fi lms.
Semiquantitative RT-PCR Analysis
For semiquantitative RT-PCR analysis, seeds of Harosoy were planted in pots placed in growth chambers with four diff erent light conditions: short daylength, long daylength, blue light, and red light. In short daylength treatments, light was supplied at a photosynthetic photon fl ux density (400-700 nm) of 300 μmol m -2 s -1 using fl uorescent and incandescent lamps at a 12-h light/12-h dark regime. For long daylength treatments, identical light sources were used at a 20-h light/4-h dark regime. In blue light treatments, blue light was continuously supplied using a blue-light emitting diode panel (model LED-B; EYELA, Tokyo) at a photon fl ux density of 39.8 μmol m -2 s -1
. In red light treatments, red light was continuously supplied using a red-light emitting diode panel (model LED-R; EYELA) at a photon fl ux density of 65.6 μmol m -2 s -1
. For short and long daylength treatments, trifoliolate leaves were sampled from 20-d-old seedlings. In blue-and red-light treatments, primary leaves were sampled from 7-d-old seedlings.
Semi-quantitative RT-PCR was conducted by reverse-transcribing 5 μg of total RNA using the Superscript III First-Strand Synthesis System and oligo(dT) primer according to the manufacturer's instructions. To test the transcription level of the cryptochrome genes, PCR reactions were performed for 30 sec of denaturation at 94°C followed by 26 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min in a volume of 25 μL, using 0.5 μL of cDNA. Th e fi nal extension at 72°C for 5 min completed the program. To eliminate eff ects of contaminating genomic DNA or to avoid amplifi cation of diff erent cryptochrome gene fragments, primers specifi c to each cryptochrome gene were designed in the third exon for forward primers and in the fourth exon for reverse primers (Table 2) . A soybean actin gene was used as a control. Th e primers were 5ʹ-GACGCTGAGGATATTCAACC-3ʹ (forward) and 5ʹ-AGAAATCTGTGAGGTCACGA-3ʹ (reverse). Polymerase chain reaction products were loaded on a 1.2% (w/v) agarose gel, stained by ethidium bromide and visualized under UV light.
dCAPS and ALP Analyses
To map the cryptochrome genes, exons and introns of Tokei 780 and Hidaka 4 were cloned and sequenced to fi nd polymorphisms. Based on the diff erences, derived cleaved amplifi ed polymorphic sequence (dCAPS) and amplicon length polymorphism (ALP) markers were constructed. Th e PCR mixture for dCAPS and ALP analyses contained 1 μL of the extracted DNA, 10 pmol of primers, 8 nmol of nucleotides, and 0.5 unit of ExTaq in 1x ExTaq Buff er supplied by the manufacturer (Takara) in a total volume of 20 μl. Polymerase chain reactions for dCAPS analysis were performed by a 30-s denaturation at 94°C followed by 30 cycles of 30-s denaturation at 94°C, 30 s annealing at 56°C, and 1 min extension at 72°C. A fi nal 5-min extension at 72°C completed the program. Polymerase chain reaction for ALP analysis was similarly performed except that it was repeated for 35 cycles. Th e PCR products were digested with the respective restriction enzymes (Table 3) . Th e products from the parents and the 96 recombinant inbred lines were separated on 8% (w/v) polyacrylamide gels, and the fragments were visualized by ethidium bromide staining.
Linkage Mapping and Database Survey
Genomic DNA was isolated from trifoliolate leaves of the parents and a total of 96 recombinant inbred lines by the CTAB method. Genotypes obtained from the dCAPS and ALP analyses were combined with a total of 282 genetic markers including fi ve isozyme markers (Ap, Idh2, Mpi, Pgm1, and Pgm2), 204 simple sequence repeat markers, and 73 amplifi ed fragment length polymorphism markers (Liu et al., 2007) to estimate genetic linkage using MAPMAKER/EXP. version 3.0 (Lander et al., 1987) . Th e markers were assigned to linkage groups with the criteria of LOD ≥ 3.0 and a maximum distance of ≤37.2 cM. Distribution of the cryptochrome cDNAs in the soybean genome was investigated using the soybean genome database.
Results
cDNA Cloning
Four positive colonies were obtained by cDNA library screening. Sequence analysis revealed that they could be classifi ed into two groups and were tentatively designated as GmCRY1 and GmCRY2. One cDNA fragment was cloned by diff erential colony hybridization and was designated as GmCRY3. In addition, seven cDNA fragments were cloned by random sequencing of recombinant clones derived from RT-PCR. Among them, four were fragments of the GmCRY1 and one was a fragment of the GmCRY2. Th e remaining two cDNA fragments were similar but diff ered from GmCRY1 to GmCRY3. Th erefore, they were designated as GmCRY4. Because GmCRY1 to GmCRY4 were fragmentary cDNAs, end-to-end PCR was conducted to clone their full-length versions. Further, based on the BLAST survey of the database, RT-PCR and TA cloning were conducted to isolate other cryptochrome cDNAs. Finally, seven full-length cryptochrome cDNAs were cloned (Fig. 1) . Six of them were similar to those described in Zhang et al. (2008) and were accordingly designated as GmCRY1a, GmCRY1b, GmCRY1c, GmCRY1d, GmCRY2a, and GmCRY2b. GmCRY2 corresponded to a fragment of GmCRY2a. GmCRY3 and GmCRY4 corresponded to a consensus region between GmCRY1c and GmCRY1d. GmCRY1 was identifi ed to be a new cryptochrome gene and was designated as GmCRY2c.
Th e deduced amino acid sequences of GmCRY1a to GmCRY2c had homologies ranging from 60 to 89% with their corresponding orthologs in Arabidopsis and pea (Fig. 1) . Th e DQXVP motif was perfectly conserved in soybean cryptochrome genes. However, similar to other plant species, the STAESS motif was not completely conserved (Platten et al., 2005) (Fig. 1) . Th e GGXVP motif was conserved in GmCRY1, but, consistent with previous studies (Platten et al., 2005) , it was absent in GmCRY2. Phylogenetic analysis indicated that they were divided into two groups similar to CRY1 and CRY2 orthologs of Arabidopsis and pea (Fig. 2) . Th e structures of the cryptochrome genes are presented in Fig. 3 . Th e RT-PCR generated two types of transcripts in GmCRY1b, GmCRY1c, GmCRY1d, and GmCRY2a. In GmCRY1b, GmCRY1c, and GmCRY1d, one type was derived from four exons, and translation terminated at a stop codon in the fourth exon. In the other type, splicing occurred at one base upstream of the stop codon, and the fi ft h exon contained a stop codon from the second nucleotide (Fig.  4A) . Consequently, amino acids sequences are identical between the two transcript isoforms. In GmCRY2a, one type was similarly derived from four exons, and translation terminated at a stop codon in the fourth exon. In the other type, splicing occurred at 32 bases upstream of the stop codon, and the fi ft h exon contained a stop codon from the ninth nucleotide (Fig. 4A) . Consequently, 11 amino acids at the C terminus of the former type were replaced by 3 amino acids in the latter type. Occurrence of the former transcripts could be explained by retention of the fourth intron. Th e former transcripts were suffi xed with 1 (GmCRY1b1 to GmCRY2a1) and the latter ones were suffi xed with 2 (GmCRY1b2 to GmCRY2a2), and were deposited in the DNA Data Bank of Japan database (http://www.ddbj.nig. ac.jp/index-e.html; verifi ed 14 Oct. 2009).
To confi rm the occurrence of alternative splicing events in GmCRY1c, reverse PCR primers were constructed slightly downstream of the fourth exon (upper primer) and the fi ft h exon (lower primer) ( Table 1, Fig.  4A ). Polymerase chain reaction was performed with genomic DNA and cDNA using an identical forward primer and the two reverse primers. In PCR with genomic DNA, the product size with the upper primer is longer than that produced with the lower primer due to the size of the forth intron (Fig. 4B) . In contrast, when using cDNA as template, the two reverse primers (in tandem with the forward primer) generated similar product sizes, indicating that the fourth intron was spliced out. Th ese results confi rmed existence of alternative splicing events.
Phylogenetic Analysis
A single most parsimonious tree was found using the MP method (Fig. 2) . Its bootstrap values indicated that each clade of this MP tree had a high confi dence level. Phylogenetic analysis indicated that cryptochrome genes were largely divided between two predominant groups CRY1 and CRY2. GmCRY2b was distinct from GmCRY2a and GmCRY2c but was rather close to PsCRY2b and PsCRY2a.
DNA Gel Blot Analysis
Genomic DNA gel blots of Williams were analyzed using the entire region of GmCRY1c as a probe to estimate the copy number. Figure 5 shows the hybridization patterns aft er digestion with BglII, EcoRI, EcoRV, HindIII and SptI. Th ree to seven bands were observed.
Semiquantitative RT-PCR Analysis
Semiquantitative RT-PCR analysis suggested that all of the cryptochrome genes were transcribed to a detectable level. However, the amounts of RT-PCR products were largely similar under short daylength, long daylength, red-light, or blue-light conditions (data not shown).
dCAPS and ALP Analyses and Database Survey
Based on a 10-bp indel, an ALP marker was constructed for GmCRY2b (Table 3 ). For the other cryptochrome genes, dCAPS markers were constructed on the basis of the varietal diff erences in DNA sequences by incorporating mismatched nucleotides (Table 3) . Th e results of dCAPS and ALP analysis in Tokei 780 and Hidaka 4 are presented in Fig. 6 .
Linkage Mapping
Linkage mapping was performed by combining genotypes of the above dCAPS and ALP markers with a total of 282 genetic markers. Linkage mapping assigned the CRY multigene family members individually to diff erent MLGs (chromosome number)-GmCRY1a: MLG C1 (4); GmCRY1b: MLG C2 (6); GmCRY1c: MLG B2 (14); GmCRY1d: MLG F (13); GmCRT2a: MLG O (10); GmCRY2b: MLG D1b (2); GmCRY2c: MLG I (20) (Fig.  7) . Chromosome number, nucleotide number of start and stop codons, and orientation of cryptochrome genes deduced from the soybean genome database are exhibited in Table 4 . Distribution of cryptochrome genes in the assembled Williams 82 genome was consistent with mapping results (Table 4 , Fig. 7) . Table 3 . Polymerase chain reaction (PCR) primers for derived cleaved amplifi ed polymorphic sequences (dCAPS) and amplicon length polymorphism (ALP) analyses used for mapping of soybean cryptochrome genes. Figure 1 . Alignment of amino acid sequences of soybean cryptochrome multigene family (GmCRY1a to GmCRY2c) along with CRY1 and CRY2 orthologs of Arabidopsis. Regions of identity and homology are highlighted by black and gray boxes, respectively. The DQXVP, STAESS, and GGXVP motifs are indicated by red underlines.
Discussion
Because cDNA library screening and RT-PCR generated partial sequences, end-to-end PCR was conducted to clone the full-length cDNAs. Finally, seven full-length cryptochrome cDNAs were cloned. Six corresponded to those reported in Zhang et al. (2008) (GmCRY1a to GmCRY2b). However, we found distinct discrepancy in amino acid sequence and gene structure of GmCRY1b and GmCRY2b, probably because Zhang et al. (2008) extracted sequence information except GmCRY1a and GmCRY2a from databases. In addition, we found another member of CRY2 genes; it was designated as GmCRY2c. Phylogenetic analysis confi rmed that they were divided into two groups, CRY1 and CRY2, similar to Arabidopsis and pea. Th e deduced amino acids of GmCRY1a to GmCRY2c had homologies ranging from 60 to 89% with their corresponding orthologs in Arabidopsis and pea. GmCRY2b was distinct from GmCRY2a and GmCRY2c and was more similar to the CRY2 orthologs of pea. Th ree to seven bands were detected by genomic Southern analysis. Actually, investigation of the Williams 82 genome sequence confi rmed the existence of seven cryptochrome genes identifi ed in this study. Th us, the cryptochrome genes of soybean comprise a multigene family in contrast to Arabidopsis or pea.
Evolutionary studies suggest that soybean is an ancient tetraploid that became diploidized later (Hadley and Hymowitz, 1973) . Shoemaker et al. (1996) , using restriction fragment length polymorphism markers, found that large portions of the soybean genome have undergone more than one round duplication. We found homologous regions between MLGs B2 and D1b and between MLGs I and O in accordance with the results of Shoemaker et al. (1996) . Ancient tetraploidization and repeated duplication may partially account for the Figure 2 . The most parsimonious tree of soybean cryptochrome multigene family (GmCRY1a to GmCRY2c) together with Arabidopsis (AtCRY1:AY124863, AtCRY2:AY576271) and pea orthologs (PsCRY1:AY161310, PsCRY2a:AY508973, PsCRY2b:AY161312). A branch-and-bound search for the best tree was conducted. Numbers along branches are bootstrap probabilities (1000 replicates) for assessing the confi dence levels of the tree. Calculations were performed using PAUP* 4.0 (Swofford, 2002) . Figure 3 . Gene structure of soybean cryptochrome multigene family. Two types of transcripts were generated from GmCRY1b, GmCRY1c, GmCRY1d, and GmCRY2a probably due to alternative splicing. One type was derived from four exons, whereas the other type was derived from fi ve exons. The fi fth exons consisted of 4 to 11 nucleotides. One type of transcript in GmCRY1b, GmCRY1c, GmCRY1d, and GmCRY2a was derived from four exons, while the other type was derived from fi ve exons. Amino acid sequences are identical between the two transcript isoforms in GmCRY1b, GmCRY1c, and GmCRY1d. In GmCRY2a, 11 amino acids at the C terminus of the former transcript were replaced by 3 amino acids in the latter type. Transcribed and untranscribed nucleotides are exhibited in large and small capital letters, respectively. Stop codons are shown in bold. Consensus nucleotides at the start (GT) and the end of introns (AG) are exhibited in bold italic. (B) Polymerase chain reaction (PCR) products of GmCRY1c using two different reverse primers with genomic DNA and cDNA. Reverse PCR primers were designed slightly downstream of the fourth exon and the fi fth exon. Polymerase chain reaction was performed with either of the two reverse primers and either of the two template DNAs. M: molecular weight marker λ/HindIII digest; UTR, untranslated region. duplicated nature and wide distribution of cryptochrome genes in soybean.
A high incidence of alternative splicing events (40-60%) is present in the human genome, predominantly in the form of exon skip while a minor form is intron retention (5-16%) (Kan et al., 2009) . In contrast, plants exhibit less alternative splicing events, of which intron retention is the most common type. Wang and Brendel (2006) analyzed cDNA/EST of Arabidopsis and rice (Oryza sativa L.) and found alternative splicing events of 21% for both species, of which 54 to 56% were intron retention. We found evidence of alternative splicing events of the intron retention type in GmCRY1b, GmCRY1c, GmCRY1d, and GmCRY2a. Among them, three genes (GmCRY1b, GmCRY1c, and GmCRY1d) had identical amino acids between the two transcript isoforms, whereas 11 amino acids at the C-terminal were replaced with 3 amino acids in the other isoform in GmCRY2a. In Arabidopsis, C-terminal regions of CRY1 and CRY2 directly interacted with phytochrome A (Ahmad et al., 1998) . Th erefore, transgenic experiments may be necessary to determine functional diff erences between the two isoforms in GmCRY2a.
Reverse transcriptase-polymerase chain reaction suggested that all seven cryptochrome genes are highly expressed and functioning in soybean. In this study, soybean cryptochrome genes were not strongly photoregulated, similar to what was reported in Arabidopsis . Further experiments may be necessary to determine detailed expression profi les of the cryptochrome multigene family members, including tissue specifi city and responses to environmental stimuli. Expression of GmCRY2a, a fragment of which was originally cloned based on diff erential expression in response to UV-B treatment, was not induced by UV-B treatments (data not shown).
Th e cryptochrome genes were individually assigned to diff erent MLGs (GmCRY1a: MLG C1; GmCRY1b: C2; GmCRY1c: B2; GmCRY1d: F; GmCRT2a: O; GmCRY2b: D1b; GmCRY2c: I). Using an interspecifi c cross between G. max and G. soja, Tasma and Shoemaker (2003) mapped the CRY2 ortholog (GenBank accession number AW309100) in MLG A2. Th e cDNA sequence of the clone corresponded to GmCRY2a. Survey of Williams 82 genome sequence confi rmed that the sequence is located in chromosome number 10 (MLG O) in agreement with the present results. Lee et al. (2001) , using a population derived from a cross of Korean cultivars, identifi ed a QTL for hypocotyl length in the vicinity of GmCRY1d in MLG F. Varietal diff erences of GmCRY1d should be determined to investigate the eff ects of GmCRY1d on hypocotyl elongation.
Time to fl owering and maturity of soybean is primarily controlled by E1 to E7. Th e linked E1 and E7, E2, E3, and E4 loci were determined to locate in MLGs C2, O, L and I, respectively (Cregan et al., 1999; Cober and Voldeng, 2001; Abe et al., 2003; Molnar et al., 2003) . Th e cryptochrome genes were mapped at diff erent locations from the E genes. Although Zhang et al. (2008) reported an association between abundance of GmCRY1a protein and days to fl owering or geographic distribution, the cryptochrome genes may not be primary determinants of time to fl owering and maturity in soybean. Genetic redundancy may be partly responsible for the fact that soybean cryptochrome genes did not account for natural variation of fl owering time in soybean. Development of mutant lines for the cryptochrome genes and/or transgenic experiments using soybean plants may be necessary to determine the function of cryptochrome multigene family members in soybean. 
